Introduction
Laryngeal squamous-cell carcinoma (LSCC) is the second most common malignant tumor of head and neck SCC; it represents about 2.4% of all cancer cases and 2.1% of all cancer deaths worldwide [1, 2] . In recent years, treatment such as functional laryngeal surgery, radiotherapy, chemotherapy, concurrent chemo-radiotherapy and gene therapy has resulted in better 5-year survival for patients. However, 30% to 40% of patients still die of tumor recurrence or metastasis [3, 4] . Therefore, understanding the origin, invasion, and metastasis of LSCC is important to develop new treatment methods. However, to date,
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Cancer stem cells (CSCs) are a small subpopulation of cancer cells with capabilities of self-renewal, differentiation, and tumorigenicity [5] . CSCs are considered the major driving force in tumor progression and metastasis after conventional therapy because of their increased resistance to radio-and chemotherapy [6, 7] . Accumulating evidence has suggested that CSCs are present in LSCC [8] [9] [10] , so isolating CSCs and investigating their properties could help elucidate the LSCC pathogenesis and the development of therapy.
The identification of CSCs from different kinds of cancer has suggested that a universal CSC marker is unlikely. Although studies have identified CSC markers across a variety of solid cancers, few of these markers have been studied in LSCC. Aldehyde dehydrogenase-1, CD24, CD44, and CD133 are among the most common CSC markers used for distinct solid tumor types [11, 12] . CD133 is a transmembrane glycoprotein commonly expressed in hematopoietic stem cells, endothelial progenitor cells, and various normal tissue stem cells. CD133 was used as a marker of CSC in several tumor types [11] and recently defined as a CSC marker in LSCC [7] . Moreover, upregulation of CD133 in colorectal cancer is strongly associated with liver metastasis and poor prognosis [13] . CD44 plays a role in facilitating cell-to-cell and cell-matrix interactions and is involved in cell adhesion and the assembly of growth factors on the cell surface. CD44+ cells have a more primitive, poorly differentiated morphology and increased expression of known stem-cell markers [14] . CD44 expression was also associated with poor prognosis in head and neck SCC, including LSCC [15, 16] .
In the present study, we isolated the CD133+CD44+ subpopulation from LSCC Hep2 and TU-177 cell lines and analyzed whether these CD133+CD44+ populations possessed properties of CSCs by evaluating sphere and colony formation, self-renewal, resistance to radiotherapy and chemotherapy, migration, invasion, and expression of stem cell markers. In addition, we compared  CD133+CD44+  CSCs  and  CD133+CD44-,  CD133-CD44+, CD133-CD44-cell populations and  parental Hep2 and TU-177 cells for proliferation  capability, resistance to radiotherapy and chemotherapy, migration and invasion capability, and expression of stem cell markers.
Materials and methods

Cell line and culture
The human LSCC cell line Hep2 was obtained from the China Center for Type Culture Collection (Wuhan). The TU-177 cell line was obtained from Bioleaf Biotech Corp. (Shanghai). Hep2 cells were cultured in DMEM supplemented with 10% fetal bovine serum (Hyclone, South Logan, UT). TU-177 cells were cultured in MEM supplemented with 10% fetal bovine serum (Hyclone). All cells were maintained in an incubator at 37 °C with 5% CO2 and 100% humidity.
Magnetic-activated cell sorting (MACS)
Cells positive for CD44 and CD133 surface markers were isolated from cultured Hep2 and TU-177 cells by MACS by using CD44 MicroBeads or CD133-PE antibody (Miltenyi Biotec, Gladbach, Germany) according to the manufacturer's instructions. Briefly, 10 7 cells in 100 μL buffer were incubated with 10 μL CD133-PE antibody. Cells were washed with 1 mL buffer and centrifuged at 300×g for 10 min, then the cell pellet was resuspended with 90 μL buffer, and 10 μL anti-PE Multisort MicroBeads (Miltenyi Biotec) was added and incubated for 15 min in the dark at 4℃. Cells were washed and underwent magnetic sorting, then CD133-enriched (CD133+) and CD133-depleted (CD133-) cell populations were collected. For 10 7 cells of CD133+ or CD133-, 20 μL CD44 MicroBeads was added and incubated for 15 min in the dark at 4 ℃, followed by washing and magnetic sorting, then CD133+CD44+, CD133+CD44-, CD133-CD44+, and CD133-CD44-cells were obtained. After isolation, cells with the 4 types of surface markers were cultured for further analysis, and some of these cells were used to evaluate the efficiency of magnetic separation by flow cytometry (Becton Dickinson).
Cell proliferation assay
-CD44 + Hep2 or TU-177 cells and parental cells (1×10 4 ) were seeded into 96-well plates. An amount of 10 μL CCK-8 was added to each well at 24, 48, 72, 96, and 120 h and incubated for 1 h. An automatic microplate reader was used to determine optical density at 450 nm (absorbance value). The growth curves were graphed by growth days and absorbance, with the mean from three replicates calculated.
Transwell chamber assay
Cells were rinsed with PBS and resuspended with culture medium containing 1% fetal bovine serum (HyClone). An amount of 200 μL cell suspension was added into the Transwell chamber (Corning, NY, USA) at 5×10 5 cells/mL. Then 600 μL medium containing 30% FBS was added into the chamber below the 24-well plate for 48 h, and cells were rinsed with PBS and fixed in 0.5% methanol for 30 min, stained with 0.1% crystal violet for 20 min, and rinsed with PBS. Cells penetrating the membrane were observed by microscopy, then dissolved with glacial acetic acid. The optical density at 570 nm that reflects migration ability was measured by using an automatic microplate reader. Invasion ability was determined by coating the 24-well plates with Matrigel.
Colony-formation assay
Cells were serially diluted and inoculated in a Petri dish containing 1 mL medium with 100 cells/dish. After 2 weeks, clone spheres were formed in the dishes. Cells were rinsed with PBS, fixed with 5 mL 4% paraformaldehyde for 15 min, then stained with 0.1% crystal violet, and samples were rinsed with flow water, then air-dried. Images were taken under an inverted microscope (Leica, Wetzlar, Germany). Samples were dissolved with glacial acetic acid, and optical density at 570 nm was determined by using an automatic microplate reader.
Cell adhesion assay
Thawed Matrigel was diluted with culture medium at 1:100 proportion. An amount of 50 µL Matrigel was added to each well of 96-well plates, and 1×10 5 cells of CD133+CD44+, CD133+CD44-, CD133-CD44+, CD133-CD44-populations and parental Hep2 and TU-177 cells were seeded in each well. After 1-, 2-and 4-h incubation, cells were rinsed with PBS, then fixed with 5 mL 4% paraformaldehyde for 15 min, stained with 0.1% crystal violet, and samples were rinsed with flow water and air-dried; images were taken under an inverted microscope (Leica, Wetzlar, Germany). Samples were dissolved with glacial acetic acid, and the optical density at 570 nm was determined by using an automatic microplate reader.
Chemotherapy resistance assay
Cells were seeded in 96-well plates at 1×10 4 cells/well. Amounts of 1, 5, 10, 15, 20, and 25 µg/mL cisplatin were added to cells for 48 h, then 10 μL CCK-8 was added to each well and incubated for 1 h. An automatic microplate reader was used to determine the optical density at 450 nm (absorbance value), the mean of three replicates was calculated.
Radiotherapy resistance assay
Cells were incubated with serum-free culture, and 1×10 4 cells were seeded into 96-well plates, then irradiated with a linear accelerator dose of 10 Gy, then cultured for 24 h under normal conditions. An amount of 10 μL CCK-8 was added to each well and incubated for 1 h. An automatic microplate reader was used to determine the optical density at 450 nm (absorbance value), the mean of three replicates was calculated.
Spheroid-formation assay
CD133 + CD44 + cells were cultured under stem-cell suspension culture conditions consisting of serum-free DMEM/MEM culture medium supplemented with B27 (1:50, Engreen Biosystem Co, China), epidermal growth factor (EGF; 20 ng/ml), and basic fibroblast growth factor (bFGF; 20 ng/ml) in an ultra-low-attachment culture flask. Spheroid formation was observed and counted under an inverted microscope (Leica, Wetzlar, Germany).
RNA extraction, reverse transcription, and real-time quantitative PCR (qPCR)
Total RNA was extracted by using Trizol reagent (Invitrogen) according to the manufacturer's instructions. First-strand cDNA synthesis involved use of the HiScript II 1st Strand cDNA Synthesis Kit (Vazyme, Nanjing, China). qPCR was performed using ChamQ SYBR qPCR Master Mix (Vazyme) on a ABI 7500 FAST real-time PCR system (Applied Biosystems, Foster City, CA). qPCR was run at 95°C for 30 sec, followed by 40 cycles of 95°C for 10 sec and 60°C for 30 sec. The specificity of the primer amplicons was examined by melting curve analysis. The comparative Ct method was used for quantifying target mRNA expression normalized to that of β-Actin and relative to the calibrator. The primers used were for β-Actin: forward 5'-CATGTACGTTGCTATCCAGGC-3', reverse 5'-CTCCTTAATGTCACGCACGAT-3'; SOX2: forward 5'-TGGACAGTTACGCGCACAT-3', reverse 5'-CGAGTAGGACATGCTGTAGGT-3'; and OCT4: forward 5'-CTTGAATCCCGAATGGAAAGGG-3', reverse 5'-CCTTCCCAAATAGAACCCCCA-3'.
Nude mouse xenograft model
All experimental procedures and protocols involving animals were reviewed and approved by the Research Ethics Committee of Shanxi Medical University. The animal protocol was designed to minimize pain or discomfort to the animals. BALB/C nude mice (SPF grade, female, 4-6 weeks old) were purchased from Vital River (Beijing). Mice were divided into five groups for each cell line (3 mice per group): CD133-CD44-, CD133-CD44+, CD133+CD44-, CD133+CD44+ populations and unsorted (parental) Hep2 or TU-177 cells inoculated subcutaneously on the left and right backs of mice (1×10 6 in 200 μL PBS). After 6 weeks, all mice were euthanized with excess CO2, and tumor formation and tumor weight were assessed.
Statistical analysis
The one-way ANOVA was used to evaluate the differences among five groups. An independent two-sample t test was used to assess the differences between two independent groups. Statistical significance was defined at p < 0.05. Statistical analysis involved use of SPSS 13.0 (SPSS Inc., Chicago, IL).
Results
CD133+CD44+ LSCC enrichment and sphere-forming assay
To determine the enrichment efficiency of CD133+CD44+ populations from Hep2 and TU-177 cells by MACS, we analyzed the CD133+CD44+ cell proportion after isolation by flow cytometry. The CD133+CD44+ fraction of Hep2 and TU-177 cells was 89.62% (Fig. 1A ) and 95.17% (Fig. 1B) , respectively, suggesting that MACS enriched CD133+CD44+ cells efficiently.
Sphere formation has been used to evaluate the properties of CSCs. To understand whether CD133+CD44+ cells have sphere-forming ability, CD133+CD44+ Hep2 and TU-177 cells obtained by MACS were cultured in serum-free medium with bFGF and EGF. After 2 days of culture, numerous individual cells in the CD133+CD44+ suspension culture survived and proliferated. Moreover, after 6 days' culture, these cells gradually formed spherical colonies of various sizes and irregular shapes (Fig.  1C) . Therefore, the CD133+CD44+ subpopulations of Hep2 and TU-177 cells could form spheres and could be CSCs.
CD133+CD44+ LSCC cells were highly resistant to chemo-and radiotherapy
To evaluate the chemoresistance of CD133+CD44+, CD133-CD44-, CD133+CD44-, CD133-CD44+, CD133+CD44+ and parental cells were treated with cisplatin at 0, 1, 5, 10, 15, 20, 25 μg/ml for 48 h. CD133+CD44+ cells showed the highest viability at every concentration, followed by CD133+CD44-cells, parental cells, CD133-CD44+ cells, and CD133-CD44-cells ( Fig. 2A and 2B) . Moreover, CD133+CD44+ cells had stronger resistance to irradiation than other cell subpopulations and parental Hep2 or TU-177 cells ( Fig. 2C and 2D) . 
CD133 + CD44 + LSCC cells exhibited high self-renewal potential
We analyzed the self-renewal potential of CD133+CD44+ LSCC cells by proliferative assay. CD133+CD44+, CD133-CD44-, CD133+CD44-, CD133-CD44+ cells and parental cells were passaged and plated onto 96-well plates. CD133+CD44+ Hep2 and TU-177 cells showed the highest proliferative ability as compared with other subpopulations and parental cells (Fig. 3A and B) . Collectively, these results suggest that CD133+CD44+ LSCC cells have high self-renewal potential. The proliferative ability was slightly greater for parental Hep2 and TU-177 than CD133-CD44+ cells. Moreover, CD133+CD44-cells showed higher viability than CD133-CD44+ cells (Fig. 3A and 3B ).
CD133 + CD44 + LSCC cells show high colony-formation efficiency and adhesive ability
To further investigate the stem-cell potential of CD133+CD44+ LSCC cells, we evaluated their colony-formation efficiency. The colony-formation ability was higher for CD133+CD44+ Hep2 and TU-177 than CD133-CD44-, CD133+CD44-, CD133-CD44+ and parental cells (Fig. 4A) . Moreover, adhesive ability was higher for both CD133+CD44+ Hep2 and TU-177 cells than other subpopulations and parental cells (Fig. 4B and 4C ). As well, CD133+CD44-cells showed higher colony-formation efficiency and adhesive ability than CD133-CD44+ cells. 
CD133+CD44+ LSCC cells have higher migration and invasive capacity
The migration ability tested by Transwell assay was significantly higher for CD133+CD44+ Hep2 and TU-177 cells than other cell subpopulations and parental cells (Fig. 5A) . Moreover, the invasive capacity tested after incubation for 48 h showed that the number of cells penetrating the Transwell membrane was greater for CD133+CD44+ Hep2 and TU-177 cells than other cell subpopulations or parental cells (Fig. 5B) . 
CD133+CD44+ cells express high levels of stem cell markers
To further confirm the CSC characteristics of the CD133+CD44+ LSCC cells, we examined the expression of CSC markers SOX2 and OCT4 in subpopulations and parental Hep2 and TU-177 cells by qPCR. As expected, the expression of SOX2 and OCT4 was higher in CD133+CD44+ than other subpopulations and parental cells (Fig. 6A and 6B ) and was higher in CD133+CD44-than CD133-CD44+ cells. Collectively, these results confirm that the CD133+CD44+ cells isolated from Hep2 and TU-177 cells by MACS were CSCs.
In vivo tumorigenicity of CD133+CD44+ CSCs
To evaluate the in vivo tumor formation potential of CD133+CD44+ CSCs, nude mice were injected with Hep2, TU-177 cells and MACS-enriched populations at 1×10 6 , respectively. Tumorigenicity was monitored 6 weeks after injection. The size of tumors was larger in mice injected with CD133+CD44+ CSCs than other cell subpopulations and parental cells (Fig. 7A and 7B) , and the mean weight of tumors was greater with injection of CD133+CD44+ CSCs than other cell subpopulations and parental cells (Fig. 7C and 7D) . Particularly, the size and weight of tumors was larger in mice injected with CD133+CD44-than CD133-CD44+ CSCs (Fig. 7A  -D) . These results suggest that CD133+CD44+ CSCs had stronger ability to form tumors in vivo as compared to CD133+CD44-, CD133-CD44+, and CD133-CD44-cells and parental cells. In addition, tumorigenicity was stronger with CD133+ than CD44+ CSCs. 
Discussions
The major properties of LSCC of local invasion, regional lymph node metastases, and resistance to conventional chemotherapy results in unfavourable prognosis. Therefore, despite improved experience in surgical technology and adjuvant therapies in the past decades, the overall prognosis of LSCC remains unimproved [17, 18] . Since CSCs play essential roles in cancer recurrence and metastatic spread, the identification and targeted elimination of CSCs has been considered a new method for LSCC treatment. In the present study, we isolated CD133 and CD44 double-positive subpopulation cells from SCC Hep2 and TU-177 cells by MACS and compared the properties of CD133+CD44+ cells with CD133+CD44-, CD133-CD44+, CD133-CD44-cell subpopulations and parental cells. Cell viability, migration and invasive capability and colony-formation ability was higher and resistance to cisplatin and irradiation was stronger for CD133+CD44+ than CD133-CD44-, CD133-CD44+, CD133+CD44-subpopulations and parental cells. Moreover, levels of SOX2 and OCT4 and tumorigenicity in nude mice were greater in CD133+CD44+ Hep2 and TU-177 cells than other cell subpopulations and parental cells. These CD133+CD44+ CSCs may be a promising target for developing anticancer drugs and treatment strategies for LSCC.
MACS is a highly specific cell separation technology commonly used in cancer research, immunology, neuroscience, and stem cell research [19] [20] [21] . Compared with fluorescent-activated cell sorting and other separation technologies, MACS is a comparatively simple and cost-effective approach and is able to retain better cell viability [22] . Previous study showed that CSC-enriched cell populations in head and neck SCC express a high level of the stem-cell markers CD133 and CD44 [23, 24] . In the present study, we isolated CD133 and CD44 double-positive subpopulation cells from SCC Hep2 and TU-177 cells by MACS and compared the properties of CD133+CD44+ cells with CD133+CD44-, CD133-CD44+, CD133-CD44-cell subpopulations and parental cells. The proportion of separated cells was determined by flow cytometry and confirmed that MACS-enriched cells had the specified surface markers. Furthermore, the separated cells were easily maintained in vitro.
CSCs may be the driving force of tumorigenesis and metastases; therefore, these cells may be ideal targets of cancer therapy. Over the past years, several CSC markers were identified in a wide range of solid and haematopoietic malignancies [11] . CD133 and CD44 are well-known markers in isolating and identifying CSCs [25, 26] . Moreover, populations of cancer cells highly expressing CD133 or CD44 are invasive in vitro and are associated with poor prognosis [27] [28] [29] [30] . Recently, cancer stem-like cells were isolated from primary laryngeal cancer cells and LSCC cell lines, and CD133 or CD44 was used as a screening marker in isolating CSCs from laryngeal cancer cells [7, [31] [32] [33] .
To understand the difference between CD133+ and CD44+ LSCC cells, we enriched CD133+CD44+ cells from Hep2 and TU-177 cells. CSCs possess certain features such as self-renewal, migration and invasion, and chemoresistance [34] . Interestingly, we observed that Self-renewal potential, colony-formation efficiency and adhesive ability and migration and invasive capacity were higher for CD133+CD44+ Hep2 and TU-177 cells than CD133+ or CD44+ cells alone. These results were consistent with the functions of CD44 and CD133 in cell adhesion and promoting tumor progression [12] . Moreover, resistance to chemotherapy and radiotherapy was greater for CD133+CD44+ Hep2 and TU-177 cells than CD133+ or CD44+ cells alone. The ability to form spheres and expression of stem-cell markers are considered hallmarks of CSCs [34] . Consistently, the CD133+CD44+ Hep2 and TU-177 cells were able to form spheres under serum-free condition. Most importantly, levels of SOX2 and OCT4 were greater in CD133+CD44+ Hep2 and TU-177 cells than CD133+ or CD44+ cells alone.
Collectively, these data confirm that we isolated CD133+CD44+ CSCs from Hep2 and TU-177 cells, and the stemness of CD133+CD44+ CSCs was stronger than CD133+ and CD44+ cells alone. Self-renewal potential, colony-formation efficiency and adhesive ability, migration and invasive capacity and expression of the stem-cell markers SOX2 and OCT4 was higher in CD133+CD44-than CD133-CD44+ cells, so CD133+ cells may contribute more to the malignancy of LSCC.
Since CD133+CD44+ CSCs from Hep2 and TU-177 cells showed high capacity for self-renewal, high migration and invasion as well as colony formation and adhesion, these CD133+CD44+ CSCs may have high tumorigenicity. Consistently, CD133+CD44+ CSCs had stronger tumor-formation ability in vivo in nude mice than did parental Hep2/TU-177, CD133-CD44-, CD133-CD44+ and CD133+CD44-cells. Moreover, tumorigenicity was stronger in CD133+ Hep2/TU-177 than CD44+ Hep2/TU-177 cells. Investigating new drugs that specifically kill CD133+CD44+ LSCC cells would be helpful for targeting therapy in laryngeal carcinoma.
In conclusion, we isolated CD133+CD44+ CSCs from the LSCC cell lines Hep2 and TU-177 by MACS and characterized the CSC identities of these cell subpopulations. Moreover, we analyzed self-renewal, colony formation, adhesion, migration, invasion, resistance to chemotherapy and radiotherapy, sphere formation, expression of stem cell markers, and in vivo tumorigenicity of CD133+CD44+, CD133+CD44-, CD133-CD44+, CD133-CD44-, and parental Hep2 and TU-177 cells. CD133+CD44+ CSCs from Hep2 and TU-177 cells had stronger stemness, malignancy and tumorigenicity than CD133+/CD44-, CD133-/CD44+ and parental cells. In addition, CD133 may be a more important maker than CD44 for sorting CSCs from LSCC cells. These findings provide new insights into the study of laryngeal CSCs and generate valuable cell resources for development of new treatment strategies for laryngeal cancer.
